Objective To evaluate the effect of cenobamate in patients with photoparoxysmal-EEG response (PPR) to intermittent photic stimulation (IPS) as proof of principle of efficacy in patients with epilepsy.
In patients with photosensitive epilepsy, intermittent photic stimulation (IPS) typically results in a characteristic epileptiform response on EEG.
1,2 Photosensitivity or the IPS-induced photoparoxysmal response (PPR) on EEG is commonly associated with generalized epilepsies but can also occur in patients with focal epilepsy. 3, 4 Standardized assessment of the PPR can be used as a proof-of-principle model for the assessment of investigational antiepileptic drugs (AEDs) in early clinical development. 1, 5, 6 In the model, photosensitive patients are exposed to IPS, and a reduction in sensitivity to the number of standard visual stimulation frequencies after a single, acute dose of a potential AED is used as an endpoint. 7 The standardized photosensitivity range (SPR) is a reliable screening method for assessing AED efficacy and safety 2 and can inform dose selection for larger clinical trials. 7 Cenobamate (YKP3089) is a novel AED under investigation for use in patients with focal (partial-onset) seizures. It has been shown to modulate several properties of voltage-gated sodium channels and to preferentially inhibit persistent sodium currents. 8 Preclinical data indicate a broad spectrum of anticonvulsant activity in rodent seizure and epilepsy models. [9] [10] [11] The purpose of this study was to evaluate the effect of cenobamate on the IPS-induced EEG PPR in patients with photosensitive epilepsy as proof of concept of its antiepileptic effects.
Methods

Patients
Male or female patients 18 to 60 years of age with a body mass index of 18 to 35 kg/m 2 and diagnosis of epilepsy who were stabilized on 0 to 2 concomitant AEDs for at least 4 weeks before the start of the study were eligible for study inclusion. If a patient was taking 2 concomitant medications, the second drug had to be levetiracetam, gabapentin, or pregabalin. Eligible patients also had to have a reproducible IPS-induced PPR on EEG of ≥3 points on a frequency assessment scale in ≥1 eye conditions (eyes open, eye closure, and/or eyes closed) and no change of >3 frequencies in 2 repeated measurements recorded over the 2 months before study entry in ≥1 eye conditions. Patients were excluded from the study if they had a history of nonepileptic seizures; were pregnant or lactating or were of reproductive potential but chose not to adhere to effective birth control methods; had CNS, neurologic, or psychiatric conditions considered to be progressive during the course of the study; or were at risk for liver adverse events (AEs), including drug-drug interactions (cytochrome p450).
Study design
This phase 2a, single-blind, single-dose, multicenter study enrolled and evaluated adult patients with photosensitive epilepsy in 4 medical centers in the United States from August 20, 2007, to January 26, 2009, under the auspices of the Epilepsy Study Consortium. The clinical portion was singleblinded in that only the patients were blinded to the study treatments. However, after the clinical portion was completed, EEG data were sent to a blinded clinical expert for interpretation.
Four sequential doses of cenobamate were intended to be evaluated per the initial protocol: 100, 250, 400, and 600 mg. Three to 6 patients were recruited sequentially for each dose cohort. Once a cohort was completed, the next higher dose cohort was recruited. Patients who completed a lower dose could be recruited into a higher dose cohort. Patients must have received a 100-mg dose followed by an observation period of 48 hours to be eligible to receive the next sequential dose (250 mg), and so on with each subsequent dose cohort (250-mg dose before 400-mg dose, etc). A washout period of at least 2 weeks was also required before a patient could receive a higher dose (2-week washout after an observation period and 4-week washout after hospitalization and IPS). Patients screened within 21 days were admitted for IPS testing and remained onsite for at least 4 days, including a 48-hour observation period after administration of the first cenobamate dose (100 mg). Patients received a dose of placebo on day −1 (baseline), a single oral dose of cenobamate on day 1, and placebo again on day 2 to maintain the single blind and to allow assessment of the duration of effect after cenobamate. 12 If there was a continued treatment effect on the IPS response after the 30-hour post-cenobamate dose IPS assessment, the patient underwent additional daily IPS evaluations with simultaneous blood draws for pharmacokinetic testing and AED levels until there was no treatment effect and the IPS response returned to baseline. All medication was administered under direct supervision.
A Data Safety Monitoring Board reviewed cenobamate plasma levels after exposure to the lower dose level before patients were exposed to the higher dose level. Patients who achieved cenobamate plasma levels consistent with those observed in previous studies of phase 1 volunteers were permitted to participate at the higher dose level, provided that they had not experienced any intolerable side effects. This safeguarded against exposing patients to higher dose levels Glossary AE = adverse event; AED = antiepileptic drug; AUC = area under the plasma concentration vs time curve; IPS = intermittent photic stimulation; ITT = intent-to-treat; PPR = photoparoxysmal response; PR = photosensitivity range; SPR = standardized photosensitivity range; TEAE = treatment-emergent adverse event.
who may have experienced pharmacokinetic interactions between their AEDs and cenobamate. Dosing was not to be increased to the next dose level if 2 of 3 patients experienced a moderate AE at the prior cenobamate dose level or if any patient experienced a serious AE that was considered related to treatment. Patients could withdraw from the study at any time. In addition, patients would be withdrawn if they experienced a predefined widening of the photosensitivity range (PR), unexpected tonicclonic seizures during IPS, or evidence of proconvulsive activity on EEG.
Photic stimulation procedures
The photosensitivity model has been described extensively. [1] [2] [3] 12, 13 In this model, patients are exposed to IPS before and after placebo/AED intake at hourly intervals over a 3-day period. A standardized stimulation protocol is used to establish photosensitivity thresholds (in Hertz), which are translated into an SPR value in points.
PPR step ranges were determined for 3 eye conditions (eye closure, eyes closed, and eyes open) before and 1, 2, 3.5, 5, 6.5, and 8 hours after dose on days −1, 1, and 2, and before and 2 and 6 hours after dose on day 3. Flashes were administered at 14 standard frequencies of 2, 5, 8, 10, 13, 15, 18, 20, 23, 25, 30, 40, 50 , and 60 Hz that were converted to SPRs. SPR was expressed as the categorical number of standard frequencies for which a PPR was elicited, ranging from 0 to 14, with 0 defined as no PPR elicited at any flash frequencies and 14 defined as PPR elicited in all flash frequencies. Upper and lower limit frequencies triggering a PPR and derived SPR were recorded by eye condition, patient number, visit, and time point for each treatment.
Pharmacokinetics
Blood samples for pharmacokinetic evaluations of cenobamate were collected before dose on day 1 and at 1, 2, 3.5, 5, 6.5, 8, 23.5, 24, 25, 26, 27.5, 29, 30.5, 32, 48, 50, and 54 hours after dose. The following pharmacokinetic parameters were calculated for cenobamate: the area under the plasma concentration vs time curve (AUC) from time 0 to 24 hours after dose (AUC 0-24 ) and the AUC from time 0 on day 1 to the last measurable concentration (AUC 0-t ) using the linear trapezoidal method; the AUC from time 0 on day 1 to infinity (AUC 0-inf ); the AUC 0-t /AUC 0-inf ratio; the maximum measured drug plasma concentration (C max ); the time of maximum measured plasma concentration (t max ); the apparent first-order terminal elimination rate constant (k el ); and the apparent elimination half-life (t 1/2 ).
AED treatment was recorded throughout the study, and blood samples were collected at each visit to measure concomitant AED levels. Specifically, blood samples were collected at the screening visit and on day −1, day 1, and day 2 before dose (trough levels) and 1, 2, 3.5, 5, 6.5, 8, and 24 hours after dose. Additional samples were drawn on day 3 at 26 and 30 hours after dose. Pharmacokinetic parameters calculated for plasma AEDs were AUC 0-24 , C max , and t max .
Safety
AEs, as reported spontaneously by the patient or observed by the investigator, were recorded over the course of the trial. Safety was also monitored via vital signs, clinical laboratory values, changes in physical examination, EEG, and administration of the Bond and Lader 14 Mood Visual Analog Scale.
Statistical methods
The intent-to-treat (ITT) population included all patients who received at least 1 dose of study medication (placebo or cenobamate) and had at least 1 postbaseline assessment. The safety population included all patients who received at least 1 dose of study medication.
Upper and lower limit frequencies triggering a PPR and derived SPR were summarized with descriptive statistics. Specifically, the IPS-induced PPR quantified in terms of a PR (also referred to as PPR step ranges) were determined for the 3 eye conditions. Complete and partial suppression of PPR, defined as change of SPR, was determined for each eye condition, in addition to determination of the most sensitive eye (defined as the eye condition with the largest PR on day −1 across all time points) for each patient at each dose level on days 1 and 2 and overall. The difference in SPR for days 1 to 3 vs the corresponding time points on day −1 (placebo) was also summarized with descriptive statistics.
Complete suppression was defined as the reduction of the SPR to 0 over ≥1 testing time points for all 3 eye conditions within the same day if the baseline PPR at the same time point for each eye condition was >0. Partial suppression was defined as a reduction in SPR by ≥ 3 points over ≥3 testing times within 1 day compared to the range at the same time points on placebo day (day −1). If a patient had a tie for the largest average value of SPR, the priority for the most sensitive eye condition was eye closure > eyes closed > eyes opened.
Plasma concentration and pharmacokinetic data for cenobamate and the AEDs were summarized by cohort with descriptive statistics (sample size, arithmetic mean, SD, percent coefficient of variation, and geometric mean, median, minimum, and maximum values). In addition, geometric percent coefficient of variation was presented for the pharmacokinetic parameter data.
Standard protocol approvals, registrations, and patient consents
The study protocol and informed consent forms were reviewed and approved by the institutional review boards at each investigational center. Before initiation of any studyspecific procedures, patients were provided written informed consent that summarized the purpose of the study, procedures of the study, and potential risks of the study (ClinicalTrials.gov identifier NCT00616148). This study was conducted in accordance with the principles and requirements described in the International Conference on Harmonization Consolidated Guidelines on Good Clinical Practice and the Declaration of Helsinki.
Classification of evidence
The primary research question of this phase 2, single-blind, controlled study was whether single-dose cenobamate has an effect on the IPS-induced PPR EEG response in patients with photosensitive epilepsy as proof of principle for cenobamate clinical activity in epilepsy. The nonrandomized study provided Class III evidence that cenobamate (100, 250, and 400 mg) suppressed IPS response compared with baseline, with greater suppression observed at the 250-and 400-mg doses.
Data availability
The data for the analyses described in this article are available by request from the author investigators or SK Life Sciences, Inc, the company sponsoring the clinical development of cenobamate for the treatment of focal epilepsy.
Results
Overall, 7 patients were enrolled and received ≥1 dose of study medication during the trial (figure 1). Of the 7 patients, 5 reentered the study to participate at a higher dose level. Patients were given new identifiers when they reentered the study. After the sequential assessments of the 250-mg and 400-mg dose groups, the study was stopped early, before enrollment of patients at the 600-mg dose, because overall patient enrollment was low and this dose group was no longer deemed necessary. One patient was discontinued from the study after withdrawal of consent. This patient discontinued after a single dose of 100-mg cenobamate but did not undergo IPS assessment and therefore was not included in the ITT analysis. In the ITT population, there were 3 evaluable patients at the 100-mg dose level and 4 evaluable patients in each of the 250-and 400-mg dose levels.
Demographics were similar for patients in the 3 dosing cohorts (table 1) . The patient ages ranged from 19 to 28 years. All were white; most patients (5 of 7) were female. Of the 7 patients, 6 had a history of generalized seizures, and 1 patient had a history of focal seizures. 15 All but 1 patient took ongoing concomitant AEDs during this study (table 1) .
The results of photic stimulation in each eye condition are summarized in table 2. At the 100-mg dose level (n = 3), cenobamate produced partial suppression of IPS sensitivity in 1 (33%) patient in the eyes closed condition (patient 2, day 1). At the 250-mg dose level (n = 4), cenobamate produced complete suppression of IPS sensitivity in 1 (25%) patient (patient 5, day 2). In addition, at this dose, partial suppression of IPS sensitivity was observed in all patients (n = 4) in at least 1 eye condition, including 3 (75%) patients with partial suppression of IPS in the most sensitive eye condition (patients 5 and 6, day 2; patient 7, days 1 and 2) (table 2). At the 400-mg dose level (n = 4), cenobamate produced complete suppression of IPS sensitivity in 1 (25%) patient (patient 12, days 1 and 2), and partial suppression was observed in 2 (50%) patients in at least 1 eye condition (patient 12, days 1 and 2; patient 11, day 2) (table 2).
At 1 hour after dosing, PPR was consistently reduced with 250-and 400-mg cenobamate on days 1 and 2 compared with placebo (day −1) for the most sensitive eye condition (figure 2).
The mean plasma cenobamate concentration-time profile for each dose cohort is shown in figure 3 . On the basis of the geometric mean values, the AUC 0-24 and C max of cenobamate appeared to increase proportionate to dose across the 3 dose levels (table 3). The AUC 0-t of cenobamate increased with increasing dose level but not in linear proportion to the dose administered. The AUC 0-inf of cenobamate appeared to increase in a more than dose-proportional fashion from the 100-mg to the 250-mg dose level but dose-proportionally from the 250-mg to the 400-mg dose level. The t ½ of cenobamate was shorter at the 100-mg dose level than at the 250-and 400-mg dose levels, with these 2 dose levels exhibiting a similar t ½ . The AUC 0-t /AUC 0-inf ratio was low for all 3 doses, indicating that a large portion of the overall exposure (AUC 0-inf ) was extrapolated. The median t max of cenobamate was different for all 3 dose levels and ranged from 2.77 to 7.91 hours.
Higher cenobamate C max concentrations and AUC 0-t resulted in greater suppression of IPS response (table 4), with the Two patients received comedication with ethosuximide, 5 with levetiracetam, 1 with topiramate, and 4 with valproic acid. There did not appear to be any clinically significant changes in serum concentration for any comedication.
Safety
No deaths, serious treatment-emergent AEs (TEAEs), or TEAEs leading to discontinuation occurred during this study. A total of 29 TEAEs were reported in 6 patients, and 24 TEAEs reported in 5 patients were considered treatment related by the investigator. Two severe TEAEs (blood pressure orthostatic decrease and syncope) occurred in 1 patient after administration of 400-mg cenobamate. Nervous system disorders were the most reported class of TEAEs, with the most frequent TEAEs, postural dizziness and somnolence, both reported in 3 patients each. All TEAEs resolved by the end of the study. One patient had 13 of 29 (44.8%) total TEAEs reported during this study. There did not appear to be any trends with regard to TEAEs increasing with dose level. There were no clinically meaningful changes from baseline in laboratory values, vital signs, physical examinations, 12-lead ECG, or mood assessment. Clinically significant postdose neurologic findings were reported in 2 patients, including gait disturbance, mild cognitive impairment, postural dizziness, mild/slight imbalance, inability to perform, and mild limited cognition.
Discussion
The current study used the photosensitivity proof-of-principle model to establish the potential for efficacy of cenobamate in patients with epilepsy. In this study, cenobamate decreased IPS sensitivity, with greater suppression of IPS-induced PPR response observed with higher doses (250 and 400 mg).
In particular, the 250-mg dose (n = 4) produced complete or partial suppression of IPS sensitivity in all 4 evaluable patients.
When planned, this study was designed to include a 600-mg dose level to be administered to patients who completed the 400-mg dose level. The study was stopped after the 400-mg dose level because of reduced photosensitivity at doses of 100 mg and because reduced and complete suppression of IPS at doses of 250 and 400 mg had already been demonstrated. There was little reason to dose at the 600-mg dose level because of difficulty recruiting patients and the fact that reduced photosensitivity was already established at lower dose levels.
The photosensitivity model has been successful in identifying AEDs in early-phase development. 3, 7 Previous studies have shown a reduction in photosensitivity with almost all effective AEDs tested, despite differences in mechanisms of action.
1, 3, 6, 7, 16, 17 In this model, demonstrating a change from placebo confirms delivery of drug to the brain; therefore, it can be used as initial evidence of drug efficacy.
In the current study, on the basis of the geometric mean values, the AUC 0-24 and C max parameters for each cohort appeared dose-proportional across a dose range of 100 to Figure 2 One-hour SPR (mean ± SD) on day −1 and changes in SPR on days 1 and 2 vs day −1
One-hour standardized photosensitivity range (SPR) (mean ± SD) on day −1 (placebo) and mean ± SD changes in SPR on days 1 and 2 (after cenobamate [CNB]) vs day −1 for the most sensitive eye condition. *n = 3. Figure 3 Plasma concentration over time (mean ± SD) for 3 ascending doses of cenobamate 400 mg, whereas nonproportional increases in the AUC 0-t of cenobamate were exhibited. However, in this study, the small number of patients within each dosing cohort may have precluded a robust assessment of these parameters, as indicated by the low AUC 0-t /AUC 0-inf ratio.
Pharmacokinetic characteristics of single (up to 750 mg) and multiple (50-300 mg) doses of cenobamate have been explored in studies in healthy volunteers. 18 In these studies, cenobamate was associated with more than dose-proportional increases in AUC, especially after single-dose administration, and a long half-life (55-60 hours) was exhibited within the 200-to 300-mg/d dose range.
When evaluated by dosing cohort, it appeared that, although the mean peak and extent of exposure to cenobamate were highest at the 400-mg dose level, the 250-mg dose level seemed to produce the greatest magnitude of suppression in IPS sensitivity. However, when evaluated by individual patients, higher cenobamate plasma concentrations produced greater suppression of IPS response. For example, C max values in the range of 1.0 to 4.0 μg/mL and AUC 0-t values in the range of 1 to 200 μg/h/mL resulted in partial suppression of IPS sensitivity in 1 of 3 patients (33%). C max values in the range of 4.1 to 9.0 μg/mL and AUC 0-t values in the range of 201 to 400 μg/h/ mL resulted in partial suppression of IPS sensitivity in 4 of 6 (66%) patients. C max values in the range of 9.1 to 16.0 μg/mL and AUC 0-t values in the range of 401 to 600 μg/h/mL resulted in complete suppression in 2 of 2 patients (100%).
Single doses of cenobamate up to 750 mg were found to be generally well tolerated in previous studies in healthy volunteers. 18 In the current study, with doses up to 400 mg, there were no deaths, serious TEAEs, or TEAEs leading to discontinuation. Ongoing clinical trials in patients with focal seizures will help to further characterize the safety and tolerability profile of cenobamate. Similarly, the potential for drug-drug interactions with cenobamate and other AEDs will need further evaluation because the number of patients taking concomitant AEDs was small.
Although the results of this study should be interpreted cautiously because of the small number of patients and lack of formal statistical analysis, the findings shown in this clinical epilepsy model support a proof of principle for cenobamate in epilepsy. That most patients in this study also had a history of generalized epilepsy suggests that the photosensitivity model appears to screen for broad-spectrum antiseizure activity. Furthermore, a reduction in PPR demonstrated in the photosensitivity model, along with measurement of plasma concentrations of compounds, can help establish the pharmacokinetic/pharmacodynamic relationship and identify optimal doses and duration of treatment effects for investigational AEDs. 2, 7 In a meta-analysis, doses corresponding to 50% to 100% response in proof-of-concept photosensitivity trials were predictive, within 2-fold, of the minimally efficacious doses of the AED. 7 On the basis of the pharmacokinetic/ pharmacodynamic findings from the current proof-of-principle study of cenobamate, a dose of 200 mg was included for further assessment in large phase 2 clinical trials in patients with focal seizures (ClinicalTrials.gov NCT01397968 and NCT01866111).
Cenobamate suppressed IPS-PPR response in patients with photosensitive epilepsy and was well tolerated in single doses up to 400 mg. These results indicate an efficacy signal for the treatment of patients with epilepsy and support the evaluation of cenobamate efficacy and safety in large clinical trials.
